ESECTION of lesions in the primary motor cortex is frequently facilitated by mapping primary motor functions, and determining the relative position of these functional areas to the lesion. Using this method minimizes the risk of postoperative hemiparesis in the patient. 17 Standard procedures for identifying the CS and locating hand motor function within it include intraoperative cortical stimulation with observation of the motor response and the localization of a phase reversal in SSEPs.
ESECTION of lesions in the primary motor cortex is frequently facilitated by mapping primary motor functions, and determining the relative position of these functional areas to the lesion. Using this method minimizes the risk of postoperative hemiparesis in the patient. 17 Standard procedures for identifying the CS and locating hand motor function within it include intraoperative cortical stimulation with observation of the motor response and the localization of a phase reversal in SSEPs. 13 In previous studies a variety of extraoperative and intraoperative modalities have been shown to be successful in localizing motor function. 1, 3, 4, 8, 10, 15, 16, 23 These include positron emission tomography, single-photon emission computerized tomography, intraoperative and extraoperative evoked potential mapping, and magnetoencephalography.
The efficacy of using methods other than cortical stimulation and SSEPs to plan surgical therapeutic procedures has not been systematically studied, nor has the use of noninvasive methods of motor mapping for predicting the risks associated with the proposed therapeutic interventions.
Functional MR imaging provides a potentially powerful approach to noninvasive mapping of brain function; fMR imaging maps of sensorimotor cortex have closely matched maps derived from the standard methods of intracranial stimulation and SSEPs. 1, 3, 5, 15, 16 The focus and extent of fMR imaging maps generated using a simple hand-squeezing task showed high correlation with results from both direct stimulation intraoperatively and SSEPs recorded during median nerve stimulation. 13 These earlier studies have established the validity of the fMR imaging modality. In several studies the usefulness of fMR imaging in preoperative and intraoperative planning has been documented, [10] [11] [12] 14, 21 either as an adjunct to or replacement for cortical stimulation. Nonetheless, little is known about the impact of lesions in close proximity to eloquent cor-tex as seen on fMR imaging maps, or the potential role of fMR imaging in assessing the risk associated with any proposed interventions, although recent work has begun to address this issue. 2 We set out to study systematically the impact of mass and developmental lesions on functional motor areas by using fMR imaging mapping. Previously, we had focused on the impact of AVMs on motor function near the primary motor area, 20 and the correlation between quantitative measures of motor skills and fMR imaging signal in 19 patients harboring tumors or developmental malformations that were in close proximity to the CS. We found that patients with displacement of location of fMR imaging activation all had gross motor weakness. In contrast, patients with displacement due only to a mass effect, in which the precentral sulcus was not directly involved with the lesion, presented with deficits in dexterity of the hand and fingers, but no gross weakness in grip strength. Based on the results of these pilot studies, we elected to sort the fMR imaging results systematically into a classification scheme reflecting different patterns of cortical plasticity within the motor strip. For this we focused only on the hand motor area, included various lesions located within two gyri of the CS, and performed a number of quantitative and statistical analyses on the activation patterns observed. Cortical plasticity in the motor area has been described previously but no investigators to date have proposed a classification of the different patterns of functional reorganization within the primary motor cortex. [4] [5] [6] [7] 18, 19, 22 
Clinical Material and Methods

Patient Selection
This investigation includes 66 hand motor fMR imaging studies. Patients' lesions included the following: 16 cerebral AVMs, 17 primary brain tumors, and 11 cortical developmental malformations. The patient group consisted of 44 consecutive individuals referred for preoperative fMR imaging evaluation, in whom the lesion was within two gyri of the primary sensorimotor cortex; that is, patients were excluded from the study if the lesion was more than two gyri distant from the CS as identified on structural MR imaging. The control population contained 22 individuals: 10 patients in whom lesions were more than two gyri distant from the CS (patient control group) and, for quantification of standard fMR imaging activation patterns, 12 right-handed healthy volunteers (normal control group). All participants provided informed consent. The handedness, age, lesion types, and presenting symptoms of the participants are summarized in Table 1 .
Hand Motor Task for fMR Imaging
All patients were tested using a hand motor task. In this task, the patient held contoured sponges in each hand and performed an alternating series of left-and right-handed squeezes at intervals through the duration of each imaging run. Each patient was instructed to squeeze the sponge in synchrony with a computer-generated visual indicator that was projected onto a translucent screen positioned at his or her feet and that was visible through a mirror assembly in the MR quadrature head coil. Left-handed squeezes were indicated by a series of left-pointing arrows positioned to the left of a fixation cross ( Ͻ Ͻ Ͻ Ͻ ϩ), whereas right-handed squeezes were indicated by a series of right-pointing arrows positioned to the right of the fixation cross (ϩ Ͼ Ͼ Ͼ Ͼ). The arrows on a particular side would flash on and off for 6 seconds (a total of eight flashes). This was followed by a 6-second rest period before the arrows pointing to the opposite side began flashing. During each run of 128 images, the patients alternated hands for eight cycles (that is, eight periods of left-and right-handed squeezing and 16 periods of rest). A complete imaging session consisted of four runs (that is, 32 total cycles); each of the four runs started with a different sequence. The first run began with a left-handed squeeze, followed by a rest period. The second run began with a right-handed squeeze followed by rest, the third with a rest followed by a left-handed squeeze, and the fourth with a rest followed by a right-handed squeeze.
Image Acquisition
Images were acquired with a 1.5-tesla SignaLX MR system (General Electric Medical Systems, Milwaukee, WI) equipped with echoplanar imaging capabilities. The patient's head was placed within a standard quadrature head coil and immobilized with a vacuum pillow, foam wedges, and a restraining forehead band. A T 1 -weighted sagittal localizer series (TR 667 msec; TE 13 msec; field of view 24 cm; number of excitations, 1; thickness 5 mm, interleaved) was used to select axial slices parallel to a line drawn through the anterior and posterior commissures. This permitted reproducible slice selection in repeated studies. Six slices were selected for functional imaging to encompass the primary hand motor cortex and the lesion. In addition, high-resolution T 1 -weighted images (TR 500 msec; TE 13 msec; field of view 24 cm; number of excitations, 2; thickness 7 mm; skip 0 mm) were obtained for coregistration with functional images.
Functional Imaging and Image Analysis
Functional images consisted of a timed series of 128 echoplanar images for each run, covering the six slices by using a gradient-echo sequence (TR 1500 msec; TE 45 msec; flip angle 60˚; thickness 7 mm; in-plane resolution 3.1 ϫ 3.1 mm). The total imaging time for each run (one series of 128 images) was 199 seconds, which included four radiofrequency excitations per slice before image acquisition to achieve steady-state transverse magnetization. Echoplanar images were selected from each of the lefthanded squeeze segments and were compared with images selected in the same manner from the right-handed squeeze segments and from the rest segments by using a Student t-test on a voxel-by-voxel basis. The same analyses were performed for the right-handed squeeze segments. Voxels exceeding a t value of Ϯ 1.96 (corresponding to a two-tailed false-positive rate of 0.05, uncorrected for multiple comparisons) were counted for each slice and hemisphere, and were depicted as color overlays on anatomical MR images. Because the MR signal during lefthanded squeezing segments was compared with activation during right-handed squeezing segments, in voxels with positive t values greater than 1.96 the signal intensity was significantly greater during left-handed squeezing than that during right-handed squeezing. Voxels with negative t values had greater signal intensity during right-handed squeezing than that during left-handed squeezing. Additionally, squeezing of each hand was also compared using the same t-test paradigm as in the rest periods, to investigate the possibility that the same cortical region activates with both left-and right-handed squeezing; a phenomenon that has been described previously in patients in whom motor or sensory function of both hands was contained within one hemisphere due to damage or lesions present from birth or early childhood.
Pixel Asymmetry Measurements
Once activation maps were generated they were coregistered to the high-resolution anatomical MR images obtained at the time of fMR imaging. Next, the number of voxels with t values either greater than 1.96 or less than Ϫ1.96, which correspond to areas activated by the left-and right-handed squeeze tasks, respectively, was automatically counted. The right or left voxel count was performed on each slice and was then multiplied by the right or left mean t value for all active voxels in that same slice to generate the weighted voxel count of the slice. Data from the six slices were then added with no averaging. This method allowed for comparison of the number of voxels activated by left-and right-handed squeezing, which was one of the two criteria for determining the presence of hemispheric asymmetry of functional activation (Fig. 1) .
Geometric Criteria for a Modified Site of Activation
In the 66 studies, measurements were also made to determine the distance between the activation and the mirror of the normal activation (Activ↔M.Norm); the distance between the border of the lesion and the activation in the affected hemisphere (Les↔Act); and the lesion's radius. Additional measurements were made between the midline of the brain and the center of activation in the healthy hemisphere (Mid↔Norm) to normalize the different brain sizes, allowing comparisons between subjects (Table 1 and Fig. 2) . As mentioned earlier, cases were classified in the patient control group if the lesion was more than two gyri distant from the CS.
The displacement of the site of activation was assessed by referring to the corresponding site in the healthy hemisphere. In each slice with significant activation in either hemisphere, the distance of the centroid of activation from the midline and from a line perpendicular to the midline was calculated. The difference in distance from the midline to left and right hemisphere activations in patients in the normal control group was always less than 2 mm. The anterior or posterior difference in distance between the left and right hemispheres was always less than 1.5 mm. Thus, displacement of function in the affected hemisphere of greater than 2 mm medially or laterally, or 1.5 mm anteriorly or posteriorly, compared with the unaffected hemisphere, was considered to represent a shift in location. A mass effect was considered present on MR slices if the activation in the affected hemisphere was displaced from the expected location (with the healthy hemisphere as a control) for more than 2 mm laterally and/or 1. are expressed in millimeters and were taken from fMR images.
Results
Functional Mapping of Control Groups
All 22 controls (12 healthy volunteers and 10 patients with lesions far from the motor strip) showed robust activation in primary motor cortex in both the dominant and nondominant hemispheres. An example of the typical activation patterns observed in the controls is displayed in Fig. 1 . The total number of voxels activated by left-and right-handed squeezing were counted as outlined in Clinical Material and Methods. The difference in the number of voxels activated by right-and left-handed squeezing was determined in each of the 12 healthy volunteers. This number was represented as a percentage difference between hemispheres (difference score) and was calculated as follows:
where WD is the weighted difference, rvc and lvc are the right and left voxel counts, and rmt and lmt are the right and left mean t value for those voxels, with |t| Ͼ 1.96. The average weighted difference in the control group was 6.9%, with an SD of 20.92%.
Functional Mapping of the Patient Population
All 44 patients showed activation to both left-and righthanded squeezing. As with the control group, the number of voxels active during both left-and right-handed squeezing were counted, along with the average t values of the active voxels in each slice. Again, a percentage difference between the right and left hand was calculated for the weighted voxel counts, as was done in the control group. A hemispheric difference Z score was then computed for each patient as follows: Z score = (patient WD score Ϫ control WD score)/ control .
[2] If the absolute value of the hemispheric difference Z score (R-L Z score) was greater than 2, the patient was considered to have significant hemispheric asymmetry. Such a Z score indicated that the patient's hemispheric difference score was 2 or more SDs greater, or less, than the average control, with a 95% confidence interval (p Ͻ 0.05). Results for the 44 patients are displayed in Table 1 ; they are grouped within the table by their lesion types.
Patients with weighted Z scores greater than 2 or less than Ϫ2 were categorized as having hemispheric pixel asymmetry on the basis of weighted voxel counts. Pixel symmetry or asymmetry refers to signal intensity symmetry, calculated with the Z-weighted score, and not to a modification of the activation's location. Interface disorders and plasticity are important issues that can influence pixel symmetry.
Patients with a displacement of function of greater than 2 mm medially or laterally, or 1.5 mm anteriorly or posteriorly, compared with the unaffected hemisphere, were considered to have a modified site of activation, either due to mass effect (displacement) or the plasticity phenomenon (shift), which recruited another area of the precentral Table 1. gyrus, an ipsilateral SMA, or contralateral areas. If we combine those two parameters (pixel asymmetry and modified site of activation) we can propose the classification scheme outlined next.
Patterns of Motor Reorganization in fMR Imaging
Observed activation patterns were subdivided according to whether there is a modified site of activation, and if so, whether there is a pixel symmetry or asymmetry between the hemispheres. Grade 1 is defined by a nonmodified site of activation and pixel symmetry (activation area and amplitude) between the two hemispheres. Grade 2 is defined by a modified site of activation in addition to pixel symmetry (area and amplitude) between the two hemispheres (mass effect). Grade 3 is defined by a modified site of activation with pixel asymmetry between the two hemispheres (predominant mechanism: interface disorders). Grade 4 is defined by a nonmodified site of activation but with pixel asymmetry (activation area and/or amplitude) between the two hemispheres (possible local plasticity). In Grade 5 the activation has shifted to a different cortical area on the ipsilateral side (different location within the CS, or recruitment of additional SMAs) from the well-known hand area (ipsilateral plasticity). 20, 23, 25 Grade 6 represents even greater plasticity effects; patients in this category demonstrate new areas of activation on the contralateral side (definite contralateral plasticity). This could include activation of a different area within the CS on the contralateral side, or recruitment of contralateral SMAs. The preceding classifications are detailed in Table 2 and shown schematically in Fig. 3 . Six representative fMR imaging activation patterns from six participants are displayed in Fig. 4 .
The patients were classified by three independent observers who used the preceding scheme to test the interobserver reproducibility of the classification. Classification of patients by the three different observers resulted in 89.4% global interobserver agreement. In the ensuing paragraphs, results are examined to investigate the relationship between lesion type, activation pattern, and classification.
Classification and Lesions
Different patterns of functional reorganization were observed for different lesions. In Table 3 , patients with vascular malformations showed a wide range of responses and were distributed between Grades 1 and 5 with no real predilection for any one grade. Patients with cortical malformations were classified between Grades 4 and 6. Almost 50% of the patients with cortical malformations were categorized in Grade 5, implying a substantial reorganization of motor hand area as measured with fMR imaging. Patients with tumors were typically classified over a range of categories from Grades 1 to 4, with none of these patients classified as Grades 5 or 6, indicating that minimal plasticity effects are observed with tumors.
Classification and Clinical Examination
The patient's age at first symptom did not correlate with any grading of the plasticity, nor did the type of first clinical symptom (epilepsy or motor deficit). No relationship was observed between duration of epilepsy and the grade of plasticity.
Participants with significant gross motor weakness on grip strength testing were classified as high Grades 3 to 6, with seven of 15 classified as Grade 5. Twenty-one participants had a dexterity deficit; our fMR imaging data classified these patients as Grades 1 to 4, and within these grades, nine of 21 patients were classified as Grade 1. The 30 individuals with no motor dysfunction were classified primarily as Grades 1 to 4, with a high predilection for Grade 1 (22 of 30). Table 3 . The sign ≠ means that the activation is significantly lower or higher (p Ͻ 0.05) than the contralateral one (pixel asymmetry). The sign ϩ depicts additional areas recruited for the function. Gray ovals represent lesions.
As seen in Table 3 , in which the patient data are summarized by grade, Grade 1 contained 31 patients: 22 with no motor deficit, nine with dexterity deficit, and none with weakness. Grade 2 contained five patients: three with no motor deficit and two with dexterity deficit. Grade 3 contained 12 patients: two with no motor deficit, five with dexterity deficit, and five with consistent weakness. Grade 4 contained 10 patients: three with no motor deficit, five with dexterity deficit, and two with consistent weakness. Grade 5 contained seven patients, all presenting with consistent weakness. Grade 6 contained one patient with consistent weakness.
Discussion
Cortical plasticity in the motor area is often described in the literature but there has been no study in which a classification of the different patterns of functional reorganization within the primary motor cortex has been proposed. 2, [4] [5] [6] 18, 19, 22, 24 In this report we describe a classification scheme of the different activation patterns seen on fMR imaging, including categories of plasticity outlined in Table 2 and Fig. 3 . As this work demonstrates, the two most important components in interpreting an fMR imaging study are the presence of a modified site of activation and the modification of the pixel intensity symmetry between the two hemispheres.
A modified site of activation can be caused by mass effect (displacement) or real plasticity (shift). The displacement of the site of activation is assessed by referring to the corresponding site in the healthy hemisphere. The healthy hemisphere in each patient was used as a control, and control SDs were calculated from the 12 healthy volunteers. A pixel asymmetry can be caused by real functional plasticity or interface disorders: by compression, steal syndrome, or blood-brain barrier alteration. Pixel asymmetry between the two hemispheres refers to signal intensity of the activation and not to a change in the activation's location. The causes of the observed fMR imaging asymmetry appeared to fit well into the classification scheme: Grade 1 represents the normal activation pattern, Grade 2 appears to reflect a mass effect, Grade 3 reflects the impact of the lesion on the activation (interface disorder) with no clear evidence of plasticity, Grade 4 represents possible local plasticity, whereas Grade 5 represents definite ipsilateral plasticity, and the Grade 6 pattern represents definite contralateral plasticity. As designed, the classification categories, ranging from Grades 1 to 6, correspond to lev- els of reorganization ranging from none to highly reorganized patterns of motor function. A subtle distinction in this classification scheme occurs between Grades 3 and 4; in both grades a pixel asymmetry of activation is present, which is associated with a modified site of activation in Grade 3, and a nonmodified site of activation in Grade 4. In these two grades, fMR imaging, as with other available functional imaging modalities, cannot be used to differentiate clearly between real plasticity or simple interface disorder mechanisms caused by compression, steal syndrome, or local metabolic changes of the normal surrounding cortex. Still, the distinction between the two grades is important because it differentiates between the absence of plasticity (Grade 3) and a plasticity phenomenon (Grade 4). As indicated by the interobserver agreement (89.4%), this classification approach is highly reproducible and can be easily implemented in the neurosurgical setting.
Some potential limitations of this study include the selection of cases for surgical intervention and the likely exclusion of patients whose baseline motor deficits preclude them from performing the fMR imaging task. Yet, these are the patients in whom fMR imaging could provide the most benefit by preventing further deficits after surgical interventions. This issue is currently under investigation at our institution.
Classification and Lesions
Different patterns of cortical reorganization were observed among different types of lesions. It appeared that vascular malformations induce very disparate ranges of cortical reorganization (between Grades 1 and 5). This is mainly because of the important variations associated with vascular malformations (compactness, prior hemorrhage, or ischemia). Meanwhile, tumors induced poor reorganization and are graded from 1 to 4. Most of the patients with tumors were classified in Grades 1, 2, or 3 (14 of 17), indicating that tumors can induce an asymmetry of activation primarily because of mass effect and/or interface disorders and not functional plasticity. Finally, congenital cortical malformations ranged between Grades 4 and 6, indicating a much higher level of reorganization of the motor hand area in these lesions compared with vascular malformations or tumors. Indeed, six of 11 epileptogenic cortical malformations were classified as Grades 5 or 6, with recruitment of additional regions outside the precentral gyrus. These observations are not surprising because epileptogenic cortical malformations represent true cortical disease whereas vascular malformations or tumors are pathological lesions affecting initially normal cortex. Furthermore, congenital cortical malformations are more likely to have an earlier impact on cortical function than vascular malformations or tumors.
Classification and Clinical Examination
The results showed that the patients' age at the first manifestation of clinical symptoms (epilepsy or motor deficit) was not statistically related to specific grades of the classification system. In the same way, the duration of epilepsy did not correlate with any grade of the classification, although a larger study is necessary to confirm that the duration of epilepsy does not affect cortical reorganization. On the other hand, a correlation between the grading system and the motor clinical status was noted. Grades 1 to 3 included 48 patients: 27 with no motor deficit, 16 with a dexterity deficit, and five with consistent weakness. Grades 4 to 6 contained 18 patients: three with no motor deficit, five with a dexterity deficit, and 10 with consistent weakness. This classification system, in addition to describing a stepwise increase in plasticity (from Grade 1 to Grade 6), indicates that higher levels of plasticity are needed to compensate for severe motor impairment.
Conclusions
This proposal of a classification system for hand motor area reorganization has shown good correlation between grading, brain lesions, and motor skills. In this system we describe a stepwise increase in plasticity (from Grades 1 to 6), which relates to a progressive cortical reorganization to compensate for motor skill impairments. This classification system may be used for comparing fMR imaging results from various studies and from different institutions. Our results indicate that pixel asymmetry of the fMR imaging activation pattern and modified site of activation (mass effect or reorganization) are the two main components to consider in the classification of functional reorganization in the motor cortex. This classification scheme, in addition to facilitating data collection and processing, is well suited for comparing risks associated with surgical intervention and patterns of functional recovery in relation to preoperative fMR imaging categorization. Such studies allow us to make more meaningful comparisons of fMR imaging results. 
